Nanoscale hydrodynamic instability of ring-like molten rims around ablative microholes produced in nanometer-thick gold films by tightly focused nanosecond-laser pulses was experimentally explored in terms of laser pulse energy and film thickness. These parametric dependencies of basic instability characteristics -order and period of the resulting nanocrowns -were analyzed, revealing its apparently Rayleigh-Plateau character, as compared to much less consistent possible van der Waals and impact origins. Along with fundamental importance, these findings will put forward pulsed laser ablation as an alternative facile inexpensive table-top approach to study such hydrodynamic instabilities developing at nanosecond temporal and nanometer spatial scales.
Nanoscale hydrodynamic instability of ring-like molten rims around ablative microholes produced in nanometer-thick gold films by tightly focused nanosecond-laser pulses was experimentally explored in terms of laser pulse energy and film thickness. These parametric dependencies of basic instability characteristics -order and period of the resulting nanocrowns -were analyzed, revealing its apparently Rayleigh-Plateau character, as compared to much less consistent possible van der Waals and impact origins. Along with fundamental importance, these findings will put forward pulsed laser ablation as an alternative facile inexpensive table-top approach to study such hydrodynamic instabilities developing at nanosecond temporal and nanometer spatial scales.
When a drop or a stone impacts smooth liquid surface, a sequence of transient mm-scale patterns like e.g., jets and crownlets can be observed at microsecond timescale before the energy of impact is dissipated [1] . The underlying fluid dynamics behind the formation of such patterns are currently intensively studied in multiple papers and explained in terms of development of a certain type of hydrodynamic instability (Rayleigh-Plateau (R.-P.), Rayleigh-Taylor, Richtmeyer-Meshkov, etc.) [1] .
Similar multiphysics phenomena are known to emerge at much faster nanosecond timescales upon either a femto-or nanosecond pulsed laser irradiation of solid films of variable thickness. In particular, ultra-thin films being exposed by laser radiation can become unstable even at temperatures well below melting temperature and undergo dewetting into spherical-like droplets resulting from minimization of the surface energy [2] [3] [4] . Also, laser-induced nanojets reported more the decade ago by Nakata and Chichkov [5, 6] are widely studied as promising direct laser-pattering technology allowing to produced unique surface morphologies via nanoscale hydrodynamic mass transport. Moreover, the R.-P. instability of liquid laser-induced nanojets is widely explored for either laser-induced forward-(LIFT) or backward transfer (LIBT) of isolated nanoparticles onto acceptor substrate [7] [8] [9] [10] [11] .
Alongside with the significant fundamental interest driving related studies of laser-induced hydrodynamics at nanoscale [12] , there are plenty of practical applications of nano-textured films where detailed understanding of complex multiphysics phenomena is motivated by further optimization of the fabrication protocols towards advanced multi-functional devices (see recent re- * gurevich@lat.rub.de; alex.iacp.dvo@mail.ru views [13] [14] [15] ). Unfortunately, ultrafast time-and submicron length scales characterizing the laser-driven hydrodynamics in metal films can not be captured and visualized directly at appropriate temporal and spatial resolution, allowing only observation of these phenomena via studying resolidified energy-dependent surface morphologies by scanning electron microscopy (SEM). Indeed, pump laser energy being absorbed and converted into heat by conduction-band electrons within a small volume of the metal film dissipates via much faster lateral heat conduction. On the other hand, interaction of the laser-melted material with a substrate as well as other various multiphysics effects further complicates the comprehensive theoretical analysis.
Among others, observation of crownlet formation (i.e. crowning of the molten rim around a through holes) upon direct pulsed laser ablation of metal films was also reported in several papers [16] [17] [18] , leaving albeit the question regarding origin of this interesting phenomenon open. In this Letter, we have performed parametric experimental studies of laser-induced "nanocrown" formation under single nanosecond-pulse ablation of thin noble-metal films. Our experimental data systematized over a wide range of input experimental parameters (metal film thickness and chemical composition, applied pulse energy, etc.) reveal, for the first time, the crowning process as a direct consequence of the nanoscale R.-P. instability developing in the molten rim.
In this study, we used silver film targets widely used for various optical, plasmonic and electronic applications. Silver films of variable thickness ranging from 15 to 120 nm were coated onto a silica glass (or crystalline Si) substrates using e-beam evaporation procedure (Kurt Lesker). The targets were irradiated by linearly-polarized second-harmonic (λ=532 nm) 7-ns pulses generated by a Nd:YAG laser system at 20-Hz maximal repetition rate (Quantel Brio GRM). Laser beam profile was filtered through a pinhole to provide highly symmetrical laser spot having smooth Gaussian-shaped lateral profile at the focal plane of dry microscope objectives with numerical aperture (NA) of 0.65. The estimated focal spot size on the target surface was R opt =0.61λ(NA) −1 ≈0.5 µm.
Each surface structure shown in this paper was produced under single-pulse irradiation in air, with its final morphology carefully visualized and analyzed using scanning electron microscopy (Carl Zeiss, Ultra 50+). Figure 1a schematically illustrates all main relevant steps which "thermally thin" noble metal film irradiated with a tightly focused laser pulse proceeds prior to formation of a molten rim and its subsequent evolution into a well-developed nanocrown with periodically arranged nanospikes ("ejecta"). Besides the last step, this sequence of processes and related surface morphologies generally resemble those for fs-pulse irradiation of the same target [5-7, 19, 20] . Briefly, under the action of tightly focused laser pulse metal film melts and subsequently exfoliates from the substrate due to stress relaxation caused by the lateral expansion of the metal film, and/or via evaporation process at the film-substrate interface [21] [22] [23] [24] . The later is more likely for longer nanosecond laser pulses. At increased energy E, microscopic hydrodynamic flows pull the molten film toward the optical spot center, yielding in a nanojet. Higher energy leads to development of the R.-P. hydrodynamic instability in the liquid nanojet breaking up its upper end and resulting in vertical ejection of a spherical droplets [25] .
At further increase of the pulse energy, formation of sub-micron hole with a pronounced molten rim is observed resulting from a collapse of the bump walls upon build-up of vapor recoil pressure at the "film-substrate" interface and/or ejection of the multiple droplets [26, 27] . Finally, at some critical diameter D, the molten rim accu-mulating enough material also becomes unstable resulting in periodic modulation of the rim height. Development of a certain mode with the highest growing rate is expected to define an averaged number of nanospikes N as well as a periodic modulation period p for a fixed laser excitation conditions and metal film geometry (see inset of Fig.1a ). At the latest step, the nanospikes also supporting the R.-P. instability eject nano-droplets. Each step in the mentioned sequence of events is illustrated by a series of energy-resolved SEM images in Fig.1a showing resolidified surface morphologies produced at increased energy on the 120-nm thick Ag film surface. Observed nanoscale crowning of the rim around microholes produced in the thin metal films under their single-pulse ablation with a ns-laser pulse generally looks very similar to transient impact of a symmetric micro-object onto a liquid surface (water crowns/splashes) indicating similar nature of the occurring hydrodynamic instability modulating the rim (see for example, [28] ). However, phase transitions and processes lasting up to sub-microsecond timescales [29] [30] [31] , as well as transient behavior of temperature and surface tension gradients significantly complicate the physical picture of such laser-driven crowning.
To get some insight into the features of this process we have systematically studied the effect of laser excitation and film thickness on the rim crowning of the resolidified surface structures. Series of SEM images in Fig.2a shows the result of single-pulse ablation of the 35-nm thick Ag film at increasing pulse energy E. These images clearly indicate that no crowning is observed at small diameters of the structure produced at near-threshold energies (fluences) E ≈ E th . Increase of the applied pulse energy expectedly leads to spreading of the molten rim and appearance of the periodically arranged nanospikes, which number N increases with E. Noteworthy, the rim diameter D increases with E demonstrating both typical linear dependence in the D 2 -[ln(E)] coordinates at fixed metal film thickness h and slight raise of the linear slope (effective energy deposition diameter D th ) at h=120 nm (see Fig. 2b ), which is also in agreement with the previously published data [17, 29] .
The results showing the nanospike number N as a function of nanocrown diameter D obtained for variable Ag film thicknesses h ranging from 15 to 120 nm are summarized in Fig. 2c . These results clearly demonstrate increase of the averaged number of the nanospikes in the rim (N aver shown as linear fits of the colored markers) with D for each tested film thickness as well as increase of N with h. The averaged rim modulation period calculated as p=πD/N aver taking into account average number of nanospikes N aver in the rim shows slow increase with the rim diameter D as well as more pronounced linear dependence versus the root of the film thickness √ h (see Fig. 3a,b ). As can be seen both parameters can be readily used to predictively tune the nanocrown period p over the range between 250 and 750 nm.
Finally, evident crowning of the molten rim under fslaser pulse irradiation was rarely observed experimen- tally [16, 18] . Anyway, the existing experimental data of fs-laser pulse excitation allows to assess the modulation period p versus the nanocrown diameter D for a 50 nm gold film on silicon with 5 nm intermediate Cr layer shown in Fig. 3a by red stars markers. The data indicates for a certain range of nanocrown diameters D almost twice shorter crowning periods p of the structures produced under fs-pulse irradiation being compared with similar results produced on the similar 50-nm thick Ag film under ns-pulse excitation. Possible reason behind this situation appears to be caused by faster resolidification rate as well as rather high separation velocity of the molten nanobump from the substrate at laser fluences required to produce a through hole initiating crowning [24] . Such regime causes the molten material to be ejected in the vertical direction, while the nanobump walls resolidify almost perpendicularly with respect to the substrate, which is observed in multiple experiments [5, 6, 33] . Whereas formation mechanisms of the nanobumps and nanojets are intensively discussed in the literature [21, 24, 34] , physics of the laser-induced crowning of the rim formed around through hole has never been addressed, to the best of our knowledge. Here, we suggest and compare with our experimental findings three following possible formation scenario: (i) dewetting of the thin films induced by Van der Waals forces; (ii) adopted theory of the liquid drop impact on the liquid surface; (iii) R.-P. theory adopted for the laser melting of thin films. The main points of these models are summarized below.
(i) Molten film instability due to Van der Waals interaction with the substrate [35] . For the Van der Waals potential, the grow rate of the instability γ can be written as [36] :
where µ and σ are the viscosity and surface tension of the melt respectively. For most of liquid metals the Hamaker constant A ∼ 10 −20 − 10 −21 J as it is shown in Ref. [37] . The critical wave number of the instability k c limits the range of wave numbers, for which γ > 0. The unstable wave numbers are between k min = 0 and k c = A 2πσh 4 ≈ 4×10 5 1/m. Hence the wavelength of the observed instability must be larger than λ min ∼ 1 mm. This estimate is several orders of magnitude larger than the crownlet periods observed in the experiments. Moreover, the period of the dewetting pattern must scale as p ∝ h 2 (see, for example [38] ), which is not observed in the experiments (see e.g., Fig. 3b ). Hence, dewetting due to Van der Waals forces cannot be responsible for the crownlet formation.
(ii) Crownlet formation due to drop impact. Although the impact of liquid drops on a liquid surface is studied for more than one century [1] , the physical mechanisms of the pattern formation are still under discussion [28, 39] . The similarity of the patterns (crownlets and jets) appeared in both systems suggests comparison between the experimental observations of the crownlets generated upon the drop impact and the laser-induced crowning of the metal films. However, as it was mentioned above, there is a significant difference in the experimental conditions: in our experiments the energy for the crown generation is supplied by the incident laser light. Moreover, at the initial step laser-irradiated metal film can be considered as a two-dimensional system interacting with a substrate, whereas the falling drops interact with the volume of the liquid.
Experiments on the drop impact can be analyzed based on the Weber number of the film [39] , which is
where ρ is the density of the liquid and v -the velocity. Both parameters are difficult to assess experimentally; however, their product is the kinetic energy density of the ejected liquid volume, which must be proportional to the laser fluence F divided by the absorption length abs , which is about 20 nm for noble metals. So, we can write that ρv 2 ∝ F/ abs and hence We film ∝ F . Krechetnikov and Homsy [39] observed that the number of crown spikes linearly decreases with the Weber number; however, our experiments suggest that Ref. [16] Nanocrown diameter D [μm] for all probed film thicknesses h the averaged number of nanospikes N aver increases with the fluence which is proportional to nanocrown diameter D, in its turn (see Fig.  2b ). Hence, we conclude that it is not possible to use similarity between these systems to explain the crownlets in our laser ablation experiments.
(iii) The Rayleigh-Plateau instability. Crownlets formed upon drop impact in water were studied in the context of the R.-P. instability under strong assumptions that the liquid rim is not connected to the substrate and has a cylindrical shape [28] . In order to describe crownlets in thin laser-ablated films and achieve more accurate predictions, we use the theory of the R.-P. instability developed in our previous publications for a liquid filament in a channel [40, 41] . Taking the wedge angle of the channel Ψ = 0, which corresponds to the plane surface, we obtain the following equation for the period of the fastest growing mode of the instability:
where θ is the contact angle of liquid metal on the substrate and R 0 is the size of the molten rim.
To assess the rim size R 0 , using focused ion beam (FIB) milling we prepared a cross-section cut of the through hole produced in a 120-nm thick Ag film at pulse energy slightly above the corresponding ablation threshold to avoid strong modulation of the rim thickness owing to crowning (see Fig. 1d ). The Ag film was protected with a 300-nm thick Ti overlayer prior to FIB milling process. Side-view SEM image of the produced central cut is shown in Fig. 3c revealing the characteristic size of the rim around R 0 =80±15 nm. Taking into account the contact angle of noble metal films on a quartz surface θ ≈ 140 o for further estimations [42] , one can achieve the crowning period p=720±150 nm for h=120 nm, which agrees well with our experimental findings (see Fig. 3a ). Volume of the molten rim π 2 DR 2 0 should be proportional to the volume of the molten section of the laser-irradiated film ≈ πh 4 D 2 Diameter of the molten section D can be
, where D th and E th are characteristic energy deposition diameter and threshold pulse energy. Both are constant at the fixed film thickness h and can be estimated as a slope of the D 2 -[ln(E)] dependence and its intersection with X-axis, respectively (see Fig. 2b ). This assumption gives the rim size
where α <1 accounts for the volume of the molten material elected by spherical droplets. The obtained dependence agrees well with the experimentally observed trends: (i) pronounced linear dependence of the crowning period p ∝ R 0 versus the square root of the film thickness √ h and (ii) more weaker effect of p on the nanocrown diameter D (see Fig. 3a,b ).
To conclude, in this Letter via systematic studies of ns-pulse laser ablation of thin noble-metal films of variable thickness we showed that the R.-P. instability developing in the molten rim around the ablative through hole gives a plausible explanation of the observed crowning: predicted modulation period is proportional to the square root of the layer thickness √ h and the nanocrown diameter D, which fully agrees with the experimental data ( Fig.3 ). Along with fundamental importance of the these results revealing the laser-induced crowning of thin noble-metal foils as a direct consequence of the R.-P. instability, our findings also have evident practical importance. In particular, the results substantiate pulsed laser ablation as an alternative facile inexpensive table-top method to study the hydrodynamic instabilities developing at nanosecond timescale and nanoscale length scale. Moreover, the understanding of the laser-induced instabilities is expected to allow optimization of the pulsed laser nanofabrication process, namely, the more clean and reproducible laser printing of optical filters, transparent conductive coating and biosensors [27, [43] [44] [45] . Finally, the controllable crowning accompanied by ejection of the droplets can be considered as a tool for generation of quasi-monodispersed nanoparticles of calibrated size.
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